Background. Little is known about the mechanism(s) in the development of restenosis after excimer laser angioplasty. Thus, the rationale of this study was to determine the time course of intimal and medial smooth muscle cell (SMC) proliferation and histomorphological changes after experimental excimer laser treatment.
Methods and Results. Laser ablation was performed in the right carotid artery of 34 New
Zealand White rabbits after development of a fibromuscular plaque by repeated weak electrical stimulations. The vessels were excised 3, 7, 14, 21, 28, and 42 days after excimer laser treatment. Staining of a-actin was used to identify SMCs. In five rabbits (15%), a stenosis of more than 50% of luminal area was due to intimal proliferation of SMCs, and in four other rabbits, a total occlusion was due to organized thrombi. After the initial ablation of the preformed plaque (13±6 intimal SMC layers) a continuous increase of intimal wall thickness was found from 7+6 SMC layers at 7 days to 28±5 intimal SMC layers at 28 days after excimer laser ablation (p<0.01). After 42 days, no additional increase of intimal thickening occurred. After bromodeoxyuridine labeling, the extent of cell proliferation (percent of cells undergoing DNA synthesis) in the intima and media was determined using a monoclonal antibody against bromodeoxyuridine. Immunohistological quantification of SMC proliferation in the intima revealed a significant increase of cells undergoing DNA synthesis at 3 (p <0.05) and 14 (p <0.01) days after laser treatment. Medial proliferation of SMCs was delayed and had a significant increase 7 days (p<0.05) after intervention.
Twenty-one days after laser treatment, SMC proliferation in the intima as well as in the media was normalized.
Conclusions. The proliferative response of SMCs after experimental excimer laser treatment will occur as a dynamic process with a maximum of SMCs undergoing DNA synthesis during 14 dence of restenosis after excimer laser ablation.14 Thus, the rationale of this experimental study was to determine the temporal sequence of morphological changes after excimer laser ablation in atherosclerotic rabbit carotid arteries. In addition, the extent of vascular smooth muscle cell (SMC) proliferation was determined at different time intervals after laser treatment by bromodeoxyuridine labeling.
Methods

Animal Model
Fibromuscular plaques were produced before laser ablation by using the electrostimulation method as described by Betz 
Study Protocol
After 28 days of electrical stimulation, 39 rabbits were anesthetized, the right carotid artery was prepared, and the exposed vessel was ligated by two clamps. Transversal arteriotomy was subsequently performed between both clamps. The carotid artery and the exposed lumen surface were kept moist with 0.9% NaCl solution during the whole procedure.
The laser catheter was inserted in the lumen of the artery under microscopic control. After removal of the cranial clamp, the catheter was manually advanced to the region of plaque. Excimer laser energy was applied while the catheter tip was slowly (4 mm in 15 seconds) advanced into the region of plaque, beginning 4 mm from the caudal end and terminating 4 mm from the cranial end of the implanted electrodes ( Figure 1 ). Additional ablation was performed during withdrawal (16 mm in 20 seconds) of the catheter. After a second advance and withdrawal (each performed with a speed of 16 mm in 20 seconds) by continuous energy delivery, the laser catheter was removed. The cranial artery clamp was subsequently replaced. To reestablish arterial blood flow, the arteriotomy was closed with a 7-0 polypropylene suture. To avoid bacterial infections, all rabbits were on antibiotic therapy during the following 3 days. To reduce acute mural thrombus formation, a bolus of 700 IU/kg body wt standard heparin was given subcutaneously at 2 hours before laser treatment. In addition, all rabbits received 900 IU/kg body wt s.c. heparin twice daily for 72 hours after laser ablation. Cholesterol-containing diet was not prolonged, and all rabbits received a standard diet (Altromin).
To study the temporal sequence of morphological changes, the rabbits were killed 3, 7, 14, 21, 28 All BrdU-positive cells and the total number of cells were separately counted in the intimal and medial cross-sectional area in two histological cross sections of each rabbit. The proliferative response of SMCs after laser treatment was calculated as the relation of BrdU-positive cells to the total cell number expressed in percent for both layers separately.
Statistical Evaluation
All values are expressed as mean+SD. The statistical significance of differences between control and laser-treated arteries was determined using twotailed Student's t test. Differences were considered significant at p <0.05.26
Results
Histology
In the control rabbits, histological examination after 4 weeks of electrical stimulation evidenced a fibromuscular intimal plaque due to SMC proliferation. Extent of the intima was 13±6 cell layers ( Figure 2 ). In the sham-operated control group, intimal proliferation of SMCs resulted in a fibromuscular plaque consisting of 17±7 cell layers. The difference between both groups was not statistically significant.
Determination of the maximum number of intimal SMC layers showed an intimal wall thickness of 11+7 cell layers at 3 days and 7+6 cell layers at 7 days after laser treatment. After 7 days, a continuous increase of intimal SMC layers was found during the following 3 weeks. After 28 days, mean intimal wall thickness was 28±5 cell layers and significantly different from the control group without laser ablation (p<0.O1). Forty-two days after treatment, however, no addi- tional increase of intimal plaque size could be observed (Figure 3) .
Morphometric analysis of all cross sections confirmed the histomorphological results. 45±18% (Table 1) . However, these differences were not statistically significant.
A stenosis of more than 50% luminal reduction was found in nine of 34 laser-treated arteries (26%). In four rabbits, a total occlusion was found, which was due to mural thrombus formation. In four of the nine rabbits, the lesion was due to intimal proliferation of SMCs (Figure 4) , and in one artery, a partial fibromuscular organized thrombus and additional considerable intimal SMC proliferation were found. In addition, mural thrombus formation not resulting in a stenosis greater than 50% was found in two arteries.
Evidence of vacuoles in the intimal layer was observed in 10 vessels. No vessel perforation occurred, but tissue ablation into the medial layer was found in 12 arteries. In 10 of these arteries, ablation was associated with a local reduction of SMCs in the media ( Figure 5 ). In the remaining two rabbits with ablation of the medial tissue, this phenomenon was not observed (Table 1) .
However, evidence of carbonization and intimal fissuring was not found in any artery.
Quantification of Cell Proliferation After Excimer Laser Treatment
In control rabbits, determination of cells undergoing DNA synthesis by BrdU labeling displayed an extent of 0.9+0.5% in the intima and of 0.4±0.3% in the media ( Table 1 ). Calculation of cells undergoing DNA synthesis in the sham-operated rabbits showed no statistically significant differences in SMC proliferation in the intimal and medial layer.
As shown in Figure 6 , quantification of intimal SMC proliferation revealed a significant increase during the first 14 days after excimer laser ablation (3 days: 2.9+1.7%, p<0.05; 7 days: 5.9+6.1%, p<0. 25 [not significant]; 14 days: 5.6±2.3%,p<0.01). Twenty-one days after laser treatment, the extent of cells undergoing DNA synthesis was decreased and comparable with the control and sham-operated group (Figure 7) . In contrast to intimal proliferation, medial proliferation only moderately increased and had a small but significant increase at 7 days (p<0.05) after intervention. Twenty-eight days after laser treatment the extent of cells that have synthesized DNA in both layers was normalized.
Discussion
Laser-Specific Effects and Vessel Wall In'Juy
Several in vitro studies have demonstrated that with the energy emitted from a pulsed 308-nm excimer laser, precise and efficient ablation of atherosclerotic plaque with only minimal thermal injury of the adjacent tissue can be performed.9'10,27 '28 In contrast to the acute mechanisms, only limited information is available about the chronic effects after excimer laser ablation in vivo.14 In a previous study, Prevosti et a129 reported fibrointimal ingrowth of craters induced by excimer laser ablation during 42 days in normal arterial vessels in dogs. The ablation of tissue in our study resulted in an initial decrease of intimal cell layers in the acute setting within the first 7 days after intervention, which, however, was not statistically significant for the total group. Interestingly, complete ablation of the intima and additional ablation and scarring of the medial layer, which occurred in 12 vessels, was associated with local reduction of cell nuclei in the adjacent tissue in the majority (10 of 12) of these arteries.
This phenomenon may be explained by local tissue necrosis, probably induced by either thermal injury or photoacoustic effects of excimer laser ablation. 30 Similar effects, described as abnormal cell nuclei with decreased uptake of stains in histological sections, were also observed after thermal laser angioplasty.29 '31 Time Course of SMC Proliferation and Incidence of Restenosis After Excimer Laser Ablation
Our data demonstrate that proliferation of SMCs leads to a continuous increase of intimal wall thickness after excimer laser ablation. The increased activity of DNA synthesis of SMCs occurs as early as 3 days after intervention. As already shown for the induction of SMC proliferation after balloon angioplasty, expression of different growth factors including chemotactants,32-35 as well as activation of macrophages, leucocytes, and SMCs, may be involved in this process. [36] [37] [38] Histomorphological determination of intimal plaque size in sham-operated and control rabbits did not show statistically significant differences, suggesting that the observed effects are indeed the result of application of excimer laser energy rather than pure mechanical vessel wall irritation. This is even more important, since we used the identical catheter device that was used in clinical trials in patients with coronary artery disease.1314 Quantification of cells undergoing DNA synthesis revealed no significant difference between sham-operated and control rabbits, demonstrating that the increased SMC proliferation after excimer laser angioplasty was due to the effect of laser ablation only.
Experimental studies19 '39 
Study Implications
In the present in vivo study, excimer laser ablation of fibromuscular plaques resulted in only moderate laser-induced thermal vascular injury. Excimer laser ablation into the intimal and medial layer, however, resulted in proliferation of vascular SMCs. In addition, platelet deposition with mural thrombus formation in areas of laser treatment was observed.
The extent of intimal hyperplasia due to SMC proliferation after excimer laser treatment is comparable with the effect of transluminal balloon angioplasty in this experimental model.
